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Abstract In biological microscopy, the ever expanding range
of applications requires quantitative approaches that analyze
several distinct £uorescent molecules at the same time in the
same sample. However, the spectral properties of the £uorescent
proteins and dyes presently available set an upper limit to the
number of molecules that can be detected simultaneously with
common microscopy methods. Spectral imaging and linear un-
mixing extends the possibilities to discriminate distinct £uoro-
phores with highly overlapping emission spectra and thus the
possibilities of multicolor imaging. This method also o¡ers ad-
vantages for fast multicolor time-lapse microscopy and £uores-
cence resonance energy transfer measurements in living samples.
Here we discuss recent progress on the technical implementation
of the method, its limitations and applications to the imaging of
biological samples.
# 2003 Published by Elsevier Science B.V. on behalf of the
Federation of European Biochemical Societies.
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1. Introduction
The completion of several genome sequencing projects now
reveals many thousand open reading frames encoding novel
proteins of unknown function. One of the major challenges
but also opportunities in the next years will be to allocate
functional data to each of these new proteins and to deter-
mine how they interact with each other to form the complex
regulatory networks underlying fundamental processes of life
and disease. Determining the sub-cellular localization and the
dynamics of these novel proteins is one important step to be
taken in order to bridge the gap between known sequence and
unknown function. Another one will be to reveal the molec-
ular interaction networks present in living cells and how this
changes in space and time with respect to environmental or
pathogenic alterations.
Multicolor £uorescence microscopy of living cells including
advanced techniques such as £uorescence recovery after pho-
tobleaching, £uorescence correlation spectroscopy or £uores-
cence resonance energy transfer imaging (FRET) will be an
essential tool in characterizing these novel proteins in their
natural environment, the living cell [1^4]. Since the availability
of genetically encoded £uorescent proteins (FPs) and their
spectral variants [5^8], this has become much easier than
ever before. Fluorescent labelling of virtually any protein in
living cells is now possible by fusing the respective cDNA with
the cDNA encoding a FP variant using simple molecular
cloning methods and subsequent expression of the encoded
fusion protein in cells. Although numerous di¡erent variants
of FPs with distinct spectral properties are now available the
number of proteins that can be simultaneously imaged in liv-
ing cells involving FP variants is limited. The reasons are that
many of the FPs su¡er from drawbacks such as homo-oligo-
merization, slow folding properties or limited brightness. Fur-
thermore, those FPs that have been most successfully applied
in live cell imaging, such as CFP, GFP or YFP have strongly
overlapping emission spectra which makes them di⁄cult to
separate in co-localization experiments using optical ¢ltering
methods. Usually, large amounts of the emitted £uorescence
need to be discarded in order to achieve reliable dye separa-
tion. This is a major drawback when working with living cells,
where as much £uorescence as possible should be collected in
order to minimize the amounts of FPs that need to be ex-
pressed and the intensity of excitation light used, since both
a¡ect cell physiology. Recently, some progress has been made
in order to improve the simultaneous detection of FPs by
exploiting their distinct £uorescence lifetimes [9] to determine
their relative contribution to each image pixel [10]. Fluores-
cence lifetime imaging has the advantage that most of the
£uorescent light emitted by all FPs is collected, as only one
dichroic mirror and emission ¢lter is required in front of the
detector. However, several images need to be taken in order to
determine the £uorescence lifetimes which restrict the speed of
image acquisition.
Here we discuss a further method, spectral imaging and
subsequent linear unmixing, that has great potential for simul-
taneous imaging of FPs with strongly overlapping emission
spectra.
2. Technical implementations of spectral imaging
Spectral imaging can be implemented in several ways on
wide¢eld or confocal microscopes. On a standard wide¢eld
£uorescence microscope, spectral separation of overlapping
£uorophores could be improved quite simply by determining
and correcting for the crossover of individual £uorophores
into di¡erent ¢lter sets [11,12]. Fourier transform spectrosco-
py has been implemented by coupling an interferometer to a
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wide¢eld microscope to obtain detailed spectral information
at every position in a sample [13,14]. By subjecting such spec-
tral image data to a linear unmixing analysis using singular
value decomposition, up to seven £uorophores could be si-
multaneously imaged and distinguished [14]. The same linear
unmixing strategy was also applied to spectral data obtained
with a tunable ¢lter on a two-photon confocal microscope to
separate up to four FP variants [15]. These approaches ac-
quire the spectral data sequentially as a series of images (V-
stack). This is time-consuming and requires up to several min-
utes to acquire one V-stack. The methods further su¡er from
£uorophore speci¢c photobleaching rates which become most
signi¢cant in sequential image acquisition. This poses serious
problems for imaging living samples where the localization of
the FPs can rapidly change during data acquisition and pho-
tobleaching may cause unpredictable e¡ects on cell physiol-
ogy. These problems with sequential data acquisition can be
overcome by subjecting the spectral information into parallel
detection channels. This has now been implemented on com-
mercial confocal microscopes such as the LSM510 Meta from
Zeiss which uses a grating for the spectral dispersion of the
signal onto a multidetector array [16,17]. Parallel acquisition
of spectral image data has also been implemented on a prism-
based spectral confocal microscope (Leica AOBS and SP sys-
tems [18], see also [19]).
For unmixing the spectral data, the relative contribution of
each £uorophore to each detection channel needs to be avail-
able as a reference V-stack (see Fig. 1, also called spectral
pro¢le). Since this is determined by the spectral properties
of the respective £uorophores and is independent of their
Fig. 1. Steps in linear unmixing outlined for a sample expressing EGFP- and YFP-tagged fusion proteins. The cells shown express EGFP with
a nuclear localization signal in the nucleus and YFP-labelled tubulin. A: On the left image the spectra of EGFP and YFP and on the right im-
age cells as perceived in the microscope are shown. EGFP and YFP £uorescence both appear green and can thus not be distinguished by eye.
B: The respective detection channels (yellow) are indicated in the plots of the spectra and the image contributions to the individual detection
channels are displayed next to them as a gallery. C: In the unmixing formulas, which need to be applied to every pixel in the acquired images,
the normalized spectral contributions of EGFP or YFP to each channel derived from the reference V-stack are expressed as GFPn and YFPn.
The unknown contributions of GFP and YFP to be determined are expressed as X1, X2, respectively. The pixel speci¢c gray values derived
from the acquired images of cells are expressed as Chn. D: Images after linear unmixing. GFP is shown in green and YFP in red. B, C, D left
column: the number of detection channels (eight) exceeds the number of £uorophores (two) and linear unmixing of EGFP and YFP is possible.
B, C, D middle column: the number of detection channels (two) matches the number of £uorophores (two) and represents the minimum num-
ber of detection channels required to allow linear unmixing of EGFP and YFP. B, C, D right column: one detection channel is not su⁄cient
to distinguish EGFP and YFP and a unique solution of the equations is impossible.
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concentrations, the reference V-stacks can be used to assemble
a matrix of £uorophore speci¢c weighting factors, that is sub-
sequently used to determine the contribution of each £uoro-
phore to each image pixel (see for example [14] or [15]). When
the number of detection channels exceeds the number of £uo-
rophores to be separated, the system is mathematically over-
determined and unmixing is possible. When the number of
detection channels equals the number of £uorophores to be
separated the system is just determined and a unique solution
of the unmixing procedure is possible. This means that for
two closely related £uorophores two detection channels are
su⁄cient for e⁄cient unmixing (see Figs. 1 and 2). This has
the advantage that the two £uorophores might even be excited
with only one wavelength (for example at 488 nm for EGFP
and YFP, Fig. 2A^F) and simultaneously detected with two
detection channels that can even be arranged on one detector
such as a CCD camera. The bene¢t of such a simple set-up for
spectral imaging and unmixing is that the data can be rapidly
collected, as no part of the microscope needs to be moved,
and the two color channels are acquired simultaneously which
is a prerequisite for ratiometric measurements as they are
common for ion imaging or FRET analyses by sensitized
emission.
The same concept used for the linear unmixing of emission
spectra can also be applied to unmixing based on the £uoro-
phore’s excitation spectra. Instead of exciting at one wave-
length and collecting the emitted £uorescence into spectrally
di¡erent detection channels, one can excite sequentially at
di¡erent wavelengths and detect the total respective £uores-
cence with only one detector. Data acquired in such a way can
then be unmixed with the same algorithm used for emission-
based unmixing (see Fig. 2G^L). Such implementation of
spectral unmixing should be ideal on set-ups equipped with
excitation sources that allow fast switching of the excitation
Fig. 2. A^F: In vivo imaging of EGFP and YFP fusion proteins using parallel detection and subsequent emission unmixing. Two-channel im-
ages were acquired simultaneously on a Perkin Elmer spinning disc confocal microscope equipped with an emission beam splitter (DualView,
OpticalInsights Inc.). The sample was excited at 488 nm with an ArKr laser and the £uorescence signal was split into two channels detecting
the 505^530 nm and 530^565 nm range, respectively. Nuclei are labelled with histone-EGFP and the Golgi complex with a Golgi-targeted YFP
(from Clontech). Shown are projections of an acquired 3D stack. A^C: Images before unmixing. A: Detection channel 1, 505^530 nm. B: De-
tection channel 2, 530^565 nm. C: Overlay of the channels in (A) and (B) before linear unmixing. D^F: Fluorophore signals after unmixing.
D: Histone-GFP in the nucleus. E: YFP in the Golgi. F: Overlay of (D) and (E) after linear unmixing. Image intensities were scaled in order
to suit the presentation. G^L: Excitation-based unmixing of HeLa cells containing histone-GFP and Alexa 488-stained microtubules. The sam-
ple was imaged on a wide¢eld microscope with just one emission ¢lter (530/50) and beamsplitter (500) under two di¡erent excitations using au-
toexposures. G: Image taken with a 475/40 excitation ¢lter. H: Image taken with a 436/20 excitation ¢lter. I: Overlay image of the two chan-
nels without linear unmixing. The crosstalk of the Alexa 488-labelled microtubules is clearly visible as yellow. J^L: Images of the cells after
linear excitation unmixing. J: Histone-GFP. K: Alexa 488-labelled microtubules. L: Overlay image of the unmixed £uorophores. Scale
bars = 10 Wm.
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light. Since the number of £uorophores, that can be separated
by linear unmixing, is limited by the number of channels
available for analysis (see Fig. 1), combining excitation and
emission unmixing increases the number of £uorophores that
could be imaged in parallel.
3. Limitations
Spectral imaging is an established method in the ¢eld of
satellite imaging and remote sensing and thus the factors af-
fecting e⁄ciency have already been thoroughly considered
Fig. 3. Examples of factors in£uencing the e⁄ciency of spectral unmixing. The simulation data were created and processed with routines writ-
ten in Interactive Data Language (Research Systems, Inc.). A: In£uence of detector noise and the number of channels on unmixing e⁄ciency.
For this purpose, test datasets of simulated EGFP (green) and YFP signals (red) of varying intensities were generated and combined with
empty images acquired on a Zeiss LSM510 confocal microscope under speed and sensitivity settings suitable for in vivo imaging. These back-
ground images introduce realistic readout noise into the simulated images. The created gray values in the EGFP and YFP images are identical
and thus co-localize with a 1:1 ratio in every image pixel and thus the signals appear in the overlay images (third column) as yellow. The num-
ber of detectors covering the spectral range between 460 and 580 nm was either set to two (top row, each channel with a 60 nm bandwidth) or
10 channels (bottom row, each channel with a 12 nm bandwidth). The unmixing error for two and 10 channels can be visualized in a ratio im-
age (gray scale) of the unmixed EGFP and YFP images. Correctly unmixed pixels should have values of 1.0 (gray) whereas deviations are visi-
ble as darker or brighter pixels. The ratio image created with two channels (top row) contains less noise errors than the image created with 10
channels (bottom row). As can be seen for the stripes of di¡erent intensities, the errors become more signi¢cant for weaker intensities in the
image. B: Dependence of unmixing e⁄ciency on the number of detection channels in the absence and presence of detector noise. The relative
increase of the unmixing error is independent of the actual noise level. Image error values in the graph are normalized to the image error ob-
tained for two channel unmixing. Solid line with circles: relative image error in the presence of detector noise. Broken line with triangles: rela-
tive image error without noise. C: In£uence of detection channel characteristics on the unmixing exempli¢ed for two detection channels. An
EGFP signal was simulated and unmixed against YFP with detector noise added. Moving the border between the two detection channels to
di¡erent wavelengths demonstrates the existence of an optimal position corresponding to minimal unmixing error. D: Dependence of the image
error on the amount of overlap of the £uorophore spectra. For this, two emission spectra resembling that of EGFP were simulated, unmixed
(two detection channels) and the unmixing error determined at conditions with varying spectral separation of the two created emission spectra.
The spectral separation was normalized in such a way that total overlap with the spectra represents 0 and total separation of the spectra repre-
sents 1. The unmixing error decreases with increasing spectral separation.
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[20]. The method is predominantly limited by factors such as
image background or detector noise, but the appropriate se-
lection of the number and bandwidth of the detection chan-
nels with respect to the overlap of the £uorophores to be
distinguished also plays an important role. These limitations
become most critical when imaging living specimen, where the
signals of interest are usually weak.
3.1. Background
Removing any signal not originating from the £uorophores
to be analyzed by background subtraction is an essential pre-
requisite for the linear unmixing analysis [14]. As with ratio-
metric measurements [21], failure to correct the background
properly leads to signi¢cant intensity-dependent artefacts in
the processed images. However, in cases of spectrally homo-
geneous background, there is the option to treat the back-
ground as a further £uorophore and thus separate it from
the specimen speci¢c £uorescent signals by linear unmix-
ing.
3.2. Noise
Since linear unmixing is a pixel-based method it is suscep-
tible to errors introduced into the original images or the refer-
ence spectra by the Poisson noise of the £uorescence signal
itself and the detector readout noise. These sources of noise
become important at low light levels in live specimens imaging
where usually the illumination light and exposure time have to
be kept at a minimum in order to preserve the physiological
integrity of the sample. Computer simulations show that in
the absence of noise unmixing e⁄ciencies are independent of
the number of detection channels used (Fig. 3B). However, in
the presence of detector readout noise, the errors in the pro-
cessed image increase relative with the number of detection
channels (Fig. 3A,B). The reasons for this are that for a ¢xed
detector readout noise the signal to noise ratio (SNR) will
decrease according to 1/n (n=number of detection channels)
for each detector. This decrease of the SNR is only partially
compensated by the noise averaging e¡ect that occurs due to
the increased number of detection channels (improvement ac-
cording to n31=2, see [22]). Consequently, the SNR decreases
according to n31=2 and thus sampling the spectral information
into few detection channels with a broad bandwidth should
result in superior quality of the unmixed data compared to
sampling into a large number of detection channels with nar-
row bandwidths.
3.3. Detector channel arrangements and spectral overlap
of the £uorophores
If the spectra of the £uorophores to be imaged are known
from independent measurements, then an optimized arrange-
ment of the detector channels to obtain a maximum SNR can
be calculated (see Fig. 3C). However, even with optimized
channel settings, the unmixing e⁄ciency is directly a¡ected
by the amount of spectral overlap between the £uorophores.
In the absence of noise, the degree of overlap does not a¡ect
unmixing e⁄ciency. However, in the presence of noise the
errors of the unmixed data increase with the spectral overlap
of the £uorophores (Fig. 3D). One way to overcome this is by
over-sampling, which has been nicely exploited on a wide¢eld
microscope by applying sequential imaging with detection ¢l-
ter arrangements partially overlapping in sequential acquisi-
tions [23].
4. Biological applications
An obvious advantage of spectral imaging compared to
conventional microscopy methods is the increased number
of distinct £uorescent molecules that can be simultaneously
detected [14,15]. With the recent availability of commercial
confocal microscopes that allow spectral imaging and linear
unmixing the number of such applications will drastically in-
crease in the future. The method opens however a variety of
additional possibilities that go beyond the increase of the
number of £uorescent markers that can be imaged in parallel.
Because of the highly dynamic nature of processes in living
samples, it is essential for in vivo co-localization experiments
or ratiometric methods to gather information of two or more
£uorescent molecules at the same time. With GFP-tagged
proteins this is usually di⁄cult to achieve due to the lack of
spectral variants that can be excited simultaneously but do
not bleed through signi¢cantly in the emission channels. Fur-
ther complications arise when the need to resolve fast process-
es, such as the movement of membrane transport carriers [24],
precludes the use of time-consuming sequential image acqui-
sition which can overcome bleed through problems with GFP
variants to some extent [25]. For these problems, spectral
imaging o¡ers the possibility to excite two spectrally similar
£uorophores, for example EGFP and EYFP, with just one
wavelength (e.g. 488 nm) and detect them simultaneously
without signi¢cant losses of the emitted £uorescence (Fig.
2A^F). In contrast to common methods involving glass ¢lters
to separate the emitted light from distinct £uorophores, spec-
tral imaging collects almost all of the £uorescence emitted,
which is critical for work with living samples. Thus spectral
imaging, even with only two £uorophores being involved,
should always be the method of choice when working with
living samples.
A further application of spectral imaging is in FRET mi-
croscopy, which is an important tool for imaging the dynam-
ics of cellular processes like protein^protein interactions or
post-translational modi¢cations [3]. However, an e⁄cient
FRET signal requires signi¢cant overlap between the emission
spectrum of the donor and the excitation spectrum of the
acceptor £uorophore. This requirement is inevitably accompa-
nied by a signi¢cant overlap of the emission spectra of the
donor and acceptor and complicates the determination of
FRET e⁄ciencies [3,26]. As spectral imaging is well suited
to separate even highly overlapping donor and acceptor emis-
sions, FRET imaging with already established donor acceptor
pairs can be facilitated [17] and applied to so far not used FP-
based donor acceptor pairs with increased FRET e⁄ciencies
due to the increased spectral overlap of the donor emission
and acceptor excitation [19].
5. Conclusions
Spectral imaging and linear unmixing is an approach that
overcomes a number of limitations of common £uorescence
microscopy methods aiming at the parallel detection of several
£uorescent molecules at the same time. Since almost all of the
£uorescence emitted can be collected by this method without
compromising the discrimination between distinct £uorescent
molecules, it o¡ers increased sensitivity, which is critical when
working with living samples. It also allows the use of FPs that
could not be imaged and discriminated so far in parallel and
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thus extends not only our abilities and performance of multi-
color imaging, but also the use of more e⁄cient donor accep-
tor £uorophore pairs for FRET imaging.
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